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• Cathod in Lithium-SOCl2  batteries : remarkable energy density and lifetime. 
• Global production > 10 000 tons/year 
• Chlorinating reagent in the industrial production of organochlorine compounds. 
• Reagent prefered due to gaseous by-products :  R–OH  + SOCl2     RCl  +  HCl  +  SO2 
Industrial compound 
• Extremely volatile inorganic compound which reacts rapidly with water. 
• Tropospheric lifetime : a few minutes (SOCl2 + H2O   2HCl + SO2) 
Environmental impact 
• Nerve agent, precursor of phosgene,chloropicrine and sarin gas 
Defense applications 
5 modes dans le domaine de l’IRL                                     Isotopologues du Chlore 
• Extremely powerful oxidant 
• Role in lithium batteries 
• Manufacturing agrochemicals, 
dyestuffs, fine chemicals and 
pharmaceuticals 
Industrial compound 
• Extremely volatile inorganic 
compound 
• React rapidly with water 
• Tropospheric lifetime : a few 
minutes (hydrolysis) 
Environmental impact  
• Used for the production of 
chemical weapons (sarin)  
• React violently with water to 
produce toxic gases 
Defense application 
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M=119 g.mol-1 
Context 
• Cs point group (pyramid, one plane of symmetry) 
• 6 fundamental vibrational modes (5 modes in the FIR) 
                 Γ = 4A′ + 2A′′  
       
 
 
 
 
 
 
 
 
SCl2 bending torsion          torsion               OSCl2 deformation 
 
 
 
 
 
 
 
SCl asymmetric              SCl symmetric               SO stretching 
    stretching                         stretching 
1.   M. A. Martin-Drumel et al.  Journal of Molecular Spectroscopy 315, 2015, pp 30-36. 
2.   M. A. Martin-Drumel et al., The Journal of chemical physics, 144(8), 2016, pp. 084305 
3.   A. Roucou et al. The Journal of chemical physics, , 147, 2017, pp. 054303 
[35,35] [35,37] [37,37] 
n4 (194 cm
−1)  Not FIR active 
n6 (284 cm
−1) [1] [2] [2] [2] 
n3 (344 cm
−1)  [1] [2] [2] [2] 
n5 (455 cm
−1) [3] [3] 
n2 (492 cm
−1)  [3] [3] 
n1 (1251 cm
−1)  Will be measured in the MIR 
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Experiment 
  FT-FIR spectrometer  
• AILES beamline of SOLEIL synchrotron 
• Commercial Bruker IFS125  
• High resolution : R = 0.001 cm-1 
• White-type absorption cell (293K) 
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Experiment 
  FT-FIR spectrometer 
• AILES beamline of SOLEIL synchrotron 
• Commercial Bruker IFS125  
• High resolution : R = 0.001 cm-1 
• Synchrotron source gives a better S/N than classical sources (high flux of photons). 
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In the 100 cm-1 region 
  
S/N of synchrotron source is 15 
times better than the classical 
sources 
  
In acquisition time, the factor 15 
becomes 225 factor! 
 
1 day of acquisition = 225 days 
Wavenumber /cm-1 
G
a
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The weak divergence of the synchrotron 
emission cone allows a large amount of 
photons in the interferometer. 
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   SO35Cl2 (459.82 cm
−1)               SO35Cl2 (500.09 cm
−1)  
 SO35Cl37Cl (458.07 cm−1)         SO35Cl37Cl (498.36 cm−1) 
 
n2 band of SO2 arising from the very efficient hydrolysis of SOCl2 (H2O traces) 
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Experiment 
  FIR experimental spectrum  
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Spectral analysis using evolutionary algorithms 
  Steps of the spectral analysis 
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Line by line analysis : very long process  
1. We assign observed  lines to transitions between rotational energy 
levels of the molecule (𝐽′𝐾′𝑎𝐾′𝑐 ← 𝐽"𝐾"𝑎𝐾"𝑐)  
2. From observed and calculated rotational line frequencies, we fit 
the molecular parameters up to the experimental accuracy. 
OR 
Global & automatic analysis : evolutionary algorithms 
1. The evolutionary algorithms search for the best parameters to 
optimise directly the correspondance between the experimental 
and simulated spectra. 
Physico-chemical 
properties 
Quantum chemistry 
calculations 
Theoretical model 
(Hamiltonian) 
Modelization of the 
spectrum for detection and 
monitoring  applications 
THEORY  AND ANALYSIS EXPERIMENT 
FIR measurements 
(7-1500 cm-1) 
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Description of the rovibrational energy levels (𝐇  = 𝐄)   
Molecular constants 
The purpose is to determine the molecular parameters 
submm measurements 
(70-900GHz) 
For molecule with permanent dipole 
moment 
For molecular vibrations with induced 
dipole moment 
For molecule with permanent dipole moment 
For molecular vibrations with induced dipole moment 
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Spectral analysis using evolutionary algorithms 
  Context 
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• The automatic ga program based on evolutionary algorithms 
was developped by the Nijmegen and Düsseldorf groups. 
 
• Funded by the EOLE excellence fellowship to develop a 
collaboration with W. L. Meerts from the Nijmegen University. 
 
• Based on the concept of natural selection : over the generations, 
the best genes are kept. 
W. L. Meerts   G. Dhont 
• Examples of EA analysis of high resolution spectra 
 
Molecule Spectrum Experiment Ref. 
5-methoxyindole Rovibronic   Laser induced 
fluorescence spectroscopy 
J. Wilke et al. J. Chem. 
Phys 144 (2016) 
pp.044201 
propyl peroxy 
radical  
Rovibronic   Room temperature cavity 
ringdown spectroscopy 
(CRDS) 
G. M. P. Just et al. 
PCCP 12(18) (2010) 
pp.4773-4782 
trimethylene 
sulfide  
Rovibration FT-IR spectrometer of  the 
Canadian synchrotron FIR 
light line 
J. van Wijngaarden et  
al. J. Mol. Spectrosc. 
315 (2015), pp. 107-113  
EOLE excellence 
fellowship  
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Spectral analysis using evolutionary algorithms 
   How it works 
W. L. Meerts   G. Dhont 
Genes (parameters) are 
randomly encoded 
Genes are grouped to form a set of 
chromosomes (calculated spectra) 
The fitness function is 
evaluated for each 
chromosome 
Reproduction and mutation of 
chromosomes leads to a new 
generation 
Selection of the best 
solutions 
  
Last 
generation?   Stop 
Yes 
No 
The fitness function corresponds to the 
normalized scalar product between the 
experimental spectrum (vector 𝑓) and the calculated 
spectrum (vector g). 
 
 
 
 
Higher is the fitness function, more the 
calculated and experimental spectra are similar 
Population : 200 chromosomes 
Generations : 300 iterations 
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Watson-A Hamiltonian for an asymetric rotor 
𝐻 = 𝑉 + 𝑨𝐽𝑎
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W. L. Meerts   G. Dhont 
W. L. Meerts   G. Dhont 
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Spectral analysis using evolutionary algorithms 
   Complementary line-by-line analysis 
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• The evolutionary algorithms have succeded for the 
rotational constants and band center of the excited 
states but it was necessary to complete with a more 
traditional analysis (Loomis-Wood). 
 
 
 
 
 
 
Example of two Loomis-Wood 
diagrams for each step of analysis 
EAs 
Final 
’   ’   ’ 
’   ’   ’ 
MP2/6-
311++G(3df,
3pd) 
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Spectral analysis using evolutionary algorithms 
 Final results 
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• n5 band 
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Spectral analysis using evolutionary algorithms 
 Final results 
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• n2 band 
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Spectral analysis using evolutionary algorithms 
  Complementary analysis in the submm-wave region 
  
ISMS 2018 
• Pure rotational analysis of v2=1, v5=1 and v4=1 states 
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FIR spectrum 
Ro-vibration 
n2 band and n5 band 
EAs 
analysis 
Least square 
analysis 
Other isotopologue 
THz spectrum 
Pure rotation is the 
ground and excited states 
Least square 
analysis 
global 
fit 
    The frequency multiplier chain  of the LPCA (293K) 
  
Source 
Commercial frequency multiplier chain (VDI)  
Electronic source associated with multipliers (70-
900GHz) 
   
Cell 
Simple  pass 1.25m absorption cell 
 
Detection 
Good S/N ratio : 2F frequency modulation  
High spectral resolution (10kHz), Doppler limit. 
High sensitivity : InSb He cooled bolometer (4K) 
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Conclusions 
  
ISMS 2018 
• Global fit of the data 
Anthony Roucou 
 
•     A global fit has been performed including : 
84534 transitions for SO35Cl2  
28386  transitions for SO35Cl37Cl 
 
• Advantages of the EAs approach :  
        -Gain in time 
        -Efficient to analyse very dense spectra 
 
•     Limitations of the EAs approach :  
-Subsequent traditional analysis is needed 
to reach the experimental accuracy. 
 
• Semi empirical structure of the molecule 
from the isotopologue study (CCSD(T)/cc-
pV(T+d)Z vibrational correction) 
 
 
 
Semi-empirical equilibrium structure with  
CCSD(T)/cc-pV(T+d)Z vibrational correction 
 
 
 
Thank you for your attention 
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